Abstract: A short and easy route is described for 6,8-disubstituted derivatives of quinoline and 1,2,3,4-tetrahydroquinoline from 6,8-dibromoquinolines 2 and 7 by various substitution reactions. While copper-promoted substitution of 6,8-dibromide 2 produced monomethoxides 3 and 4, a prolonged reaction time mainly afforded dimethoxide 6 instead of 5, whose aromatization with DDQ and substitution reaction of dibromide 7 with NaOMe in the presence of CuI also gave rise to dimethoxide 6. Several 6,8-disubstituted quinolines were obtained by treatment of 6,8-dibromoquinoline (7) with n -BuLi followed by trapping with an electrophile [Si(Me) 3 Cl, S 2 (Me) 2, and DMF]. Furthermore, 7 was also converted to mono and dicyano derivatives. The anticancer activities of compounds 2, 7, 6, 12, 13, 15, and 16 against HeLa, HT29, and C6 tumor cell lines were tested, and 6,8-dibromo-1,2,3,4-tetrahydroquinoline (2) and 6,8-dimethoxyquinoline (6) showed significant anticancer activities against the tumor cell lines.
Introduction
The quinoline and 1,2,3,4-tetrahydroquinoline skeletons are often used in the designs of many synthetic compounds with diverse pharmacological properties. Quinoline bromides specifically contain a key structural component of numerous compounds, which can undergo metal-halogen exchanges 1 and couplings; 2 therefore, they are useful fine chemicals. However, their prices tend to be quite high because of the complex and difficult synthetic methods involved in the production of these quinoline bromides. 3 Therefore, the development of simple and cheap synthetic methods for the syntheses of quinoline derivatives is important. Although different methods have been described in the literature, efficient, large-scale, cheap technologies are still needed. Current strategies for the synthesis of quinoline derivatives include cyclization reactions starting from benzene (or cyclohexane) derivatives with N-functionalities, but these compounds have also been prepared by various conventionally named reactions, such as Skraup, 4 Friedländer, 5 Doebner-von Miller, 6 Pfitzinger, 7 Conrad-Limpach, 8 and Combes. 9 Unfortunately, these methods for quinoline synthesis often do not allow for adequate diversity and substitution on the quinoline ring system. * Correspondence: cakmak.osman@gmail.com Dedicated to Professor Metin Balcı on the occasion of his 65th birthday
For instance, a bromoquinoline-based derivative synthesis is often restricted due to the difficulty in the preparation of bromoquinolines. However, recently, we developed an efficient synthesis method for 6,8-dibromoquinolines 2 and 7 based on the bromination of 1,2,3,4-tetrahydroquinoline (1), 10 and we synthesized a series of trisubstituted quinoline derivative from a corresponding tribromoquinoline. As an extension of that study, we report here a convenient synthesis for 6,8-disubstituted quinoline derivatives from brominated quinolines 2 and 7 via a metal-bromine exchange, and the values for the brominated products 2 and 7, as precursors to the corresponding disubstituted quinolines, are presented. In addition, because many quinoline derivatives demonstrate impressive anticancer activities, 11−14 we studied the anticancer activities of the 6,8-disubstitued quinoline derivatives against several tumor cell lines; overall, 6,8-dibromide 2 and 6,8-dimethoxide 6 showed promising anticancer activities.
Results and discussion

Synthesis and structural assignment
Dibromides 2 and 7 were synthesized according to previously reported procedures starting from 1,2,3,4-tetrahydroquinoline (1) (Schemes 1 and 2).
10
In the first step, dibromide 2 was treated with MeONa in the presence of CuI in boiling DMF to give a mixture of methoxyquinolines 3 and 4, and the proportion of the products depended on the reaction time. In the 20-h reaction period (entry 1), monomethoxides 3 and 4 were obtained in a ratio of 1:1, whereas prolonged reaction times up to 120 h raised the amount of monomethoxide 4 and dimethoxide 5 formed to a ratio of 1:3 (entry 3). Surprisingly, the longer reaction times (entries 4 and 5) also mainly resulted in the formation of aromatized product 6. We assume that the high temperature conditions in the presence of CuI with longer reaction times induced aromatization of the dimethoxy compound 5 to give 6. The reaction mixture in entry 2 was separated by column chromatography using SiO 2 with hexane/AcOEt. The solvent polarity was gradually increased from 9:1 to 9:3, and the first fraction was found to be a mixture of 6-methoxide 3 and 8-methoxide 4. Methoxide 4 was isolated as a pure compound in a yield of 14% in the second fraction, and the following fraction contained 4 and 6,8-dimethoxide 5 as a mixture. Lastly, 5 was isolated in pure form (18% yield) in the final fraction. DDQ aromatization of compound 5 in benzene at reflux for 40 h provided 6,8-dimethoxyquinoline (6) .
The reaction mixture of 3 and 4 (entry 1) was also aromatized, and products 8 and 9 were easily isolated by column chromatography (Scheme 2). To obtain pure dimethoxide 6, the reaction with 2 was repeated for 144 h (entry 4) and 192 h (entry 5). However, the aromatized product 6 along with products 4 and 5 were produced instead of pure dimethoxide 5 (Scheme 2). We achieved pure dimethoxide 6 by direct treatment of 6,8-dibromoquinoline 7 with NaOCH 3 in the presence of CuI. 6,8-Dimethoxyquinoline 6 was obtained as the sole product in a yield of 84% (Scheme 2).
It is reported that Alfonsi et al. carried out many reactions for synthesis of 5,8-dimethoxy quinoline (5).
One of the best yields of the sequential alkylation/gold-catalyzed annulation reactions of anilines with propargylic bromide was only 28%. 15 Therefore, we developed an alternative, more efficient and simple preparation method for compound 5.
The 1 H NMR spectra of dimethoxide 6 are quite similar to those of the starting material, dibromide 3, and consist of the same signal systems except for the higher shifted aryl protons present due to the 2 MeO donor groups in 6.
Structural characterizations of all of the methoxide compounds were further confirmed by mass spectroscopy and other 2-dimensional NMR spectra. ppm) correlate with C-6 (133.6 ppm), which is in agreement with the suggested structure for 4.
To demonstrate the value of 6,8-dibromide 7 as a precursor for other useful compounds, we investigated the metal-halogen exchange reaction of 7. As a result, 6,8-bis(methylsilyl)quinoline 11 (76%) and 6,8-bis(methylthio)quinoline 12 (78%) were obtained in moderate yields. In the NMR spectra, the 2 silyl signals in 11 and 2 methylthiol signals in 12 were clearly observed, and these results confirmed the formation of the compounds. Moreover, the similarities in the signal systems for compounds 11 and 12 with that of 7 were quite helpful for the identification of the structures (Scheme 3). Lejejs et al. obtained methylthioquinoline 12 with a long sequential reaction procedure (10 steps) starting from 6-nitro-8-aminoquinoline, in which synthesis and physicochemical properties of 6-methylthio-8-mercaptoquinoline (precursor of 12) were reported. 16 The authors claimed that the earlier method 17 was more complicated and their new method reduced the number of reaction stages and increased the yield (overall yield: 20%). Thus, we developed an effective and simple method for the synthesis of valuable compound 12 starting from 1,2,3,4-tetrahydroquinoline using just 3 sequential, precisely selective and simple reactions that all proceed in high yields.
Preparation of quinoline-6,8-dicarbaldehyde 13 led to a lower yield (31%) than expected, as the dilithiated quinoline in THF at -78 • C was trapped by DMF. In the 1 H NMR spectrum, 6,8-dicyanide 16 displays the same signal system as dibromide 7, except with higher field shifting. Furthermore, the 2-dimensional NMR spectra provided information about the position of the cyanide group. For example, in the HBMC spectra of 14, the characteristic cyanide C-atom (119.0 ppm) correlated with H-5 and H-7 (δ 8.22 and 8.25, respectively), which confirmed that the cyanide group was bonded to C-6 in compound 14.
Antiproliferative activities of quinoline compounds against HeLa cells
In the present study, the antiproliferative activities of 2, 6, 7, 12, 13, 15, and 16 were tested against HeLa cells in vitro at 5, 10, 20, 30 40, 50, 75, and 100 µ g/mL concentrations. 18 The results showed that only 6,8-dibromo-1,2,3,4-tetrahydroquinoline (2) significantly inhibited proliferation of HeLa cells at 10 µg/mL and higher concentrations (P ≤ 0.05) tested ( Figure 1 ). It was the most potent antiproliferative compound against HeLa cells among the compounds tested in this study. 
Antiproliferative activities of quinoline compounds against HT-29 cells
Quinoline compounds 2, 6, and 12 were tested against proliferation of HT-29 cells at 5, 10, 20, 30, 40, 50, 75, and 100 µ g/mL concentrations. The results showed that compound 2 more significantly inhibited the proliferation 
Antiproliferative activities of quinoline compounds against C6 cells
The antiproliferative activities of 2, 6, 12, and 13 on C6 cells were also tested at 5, 10, 20, 30 40, 50, 75, and 100 µ g/mL concentrations. Compound 2 was the most antiproliferative compound tested at 30 µ g/mL and higher concentrations (P ≤ 0.05) (Figure 3 ). 
Conclusion
We developed a simple and convenient route to a variety of 6,8-disubstituted quinolines, which are difficult to prepare by traditional methodologies, by starting with a commercially available, cheap starting material, tetrahydroquinoline 1. Our suggested methods are more convenient and efficient for known compounds 6, 15 8, 19 and 9, 20 which valuable fine chemicals, and 12, 16 and they are fully characterized. The prepared compounds are often the starting points for other polyfunctionalized quinoline derivatives. For instance, the products can be easily brominated at the 3-position of the quinoline ring, which could give 3,6,8-trisubstituted quinoline derivatives, in the presence of Br 2 and pyridine according to the Eisch procedure. 21 On the other hand, the bromomethoxide compounds 3, 4, 8, and 9 and the bromocyanides 14 and 15 can also be converted to other disubstituted quinolines due to their bromine groups. Compounds 3 22 and 4 23 are known but they are protected by patents. We are currently working on bromination of the methoxytetrahydroquinolines 3-5 to further study their functionalization and to investigate their anticancer activities.
In addition, 6,8-dibromo-1,2,3,4-tetrahydroquinoline (2) significantly inhibited the proliferation of HeLa,
HT-29, and C6 cells in vitro at concentrations of 10 µ g/mL, 30 µ g/mL, and 30 µ g/mL and higher concentrations, respectively, as compared to a control cancer drug, 5-Fluorouracil (Figures 1-3) . However, the compound 6,8-dimethoxyquinoline (6) selectively inhibited the proliferation of HT-29 cells only ( Figure 2 ) at concentrations of 70 µ g/mL and higher. In contrast, compound 6 and the others tested did not exert any antiproliferative activity against the cell lines used (Figures 1-3 ). Therefore, compound 2 was the most potent antiproliferative compound tested in this study. The results suggest that this compound may be a novel anticancer drug candidate. The 6,8-dibromide of the 1,2,3,4-tetrahydroquinoline 2 structure (but not the 6,8-dibromide functionality of quinoline 7) and the 6,8-dimethoxy groups of quinoline 6 could be responsible for the antiproliferative potentials of the compounds because of the possible reactivities of both groups. Therefore, we propose that compounds with both groups might exert stronger anticancer activities. Although the results show anticancer potentials for 6,8-dibromide 2 and 6,8-dimethoxide 6, the anticancer potentials of other proposed, substituted quinolines and tetrahydroquinolines and their mechanisms of action need to be determined. The selective and potent anticancer activities of compounds 2 and 6 need to be tested in further pharmacological studies. Furthermore, variations in these substituents on the lead compounds, along with their mechanisms of action for their anticancer activities, are being studied and will be reported in due course.
Experimental
General
Thin layer chromatography was performed on silica F 254 0.255 mm plates, and spots were visualized by UV at 254 nm. Classic column chromatography was performed using (70-230 mesh) silica gel. Melting points were determined on a capillary melting point apparatus. Solvents were concentrated at reduced pressure. IR spectra were recorded on an IR instrument. Mass spectra were recorded on a spectrometer under electron-impact (EI) and chemical ionization conditions. NMR analyses were recorded on a NMR instrument for the 1 H NMR (400 MHz) and for the 13 C NMR (100 MHz) spectra.
Synthesis of the methoxy derivatives of 1,2,3,4-tetrahydroquinoline (Scheme 2) (entry 2)
Freshly cut Na (1.5 g, 65.2 mmol) was added to dry MeOH (40 mL) under an Ar atmosphere. After complete dissolution, the warm solution was diluted with dry DMF, and vacuum-dried CuI (1.78 g, 3.44 mmol) was added. Next, 6,8-dibromo-1,2,3,4-tetrahyroquinoline (2) (1 g, 3.44 mmol) in dry DMF (25 mL) was added to the mixture, which was stirred magnetically under an Ar atmosphere at reflux (ca. 150
• C) for 48 h. The reaction progress was monitored by TLC. After cooling to rt, H 2 O (50 mL) was added to the mixture, and the aq layer was extracted with CHCl 3 (3 × 50 mL). The organic layers were combined, washed with H 2 O (3 × 25 mL), and dried (Na 2 SO 4 ). After filtration and removing the solvent, the residue was filtered through a short silica gel column (5.0 g). A mixture (400 mg) of 8-bromo-6-methoxyquinoline (3), 6-bromo-8-methoxyquinoline (4), and 6,8-dimethoxyquinoline (5) was obtained in a ratio of 15:50:35, respectively, as assigned by 1 H NMR.
The mixture was purified by silica gel (SiO 2 , 60 g) column chromatography, eluting with AcOEt/hexane, (600 mL, 1:9). Compounds 5 and 6 were collected as a mixture in the first eluent (320 mL). However, after the solvent polarity was increased to 2:9 AcOEt/hexane, compound 4 (112 mg, 14%) was isolated in pure form (second eluent 150 mL). After the solvent polarity was increased to 3:9 (AcOEt/hexane), the third eluent (100 mL) was a mixture of products 4 and 5. Lastly, 6,8-dimethoxide 5 (120 mg, 18%) was isolated as a pure substance, as the fourth eluent (240 mL). The reaction was repeated for 20 (entry 1) and 120 h (entry 3) under the same reaction conditions. In the 20-h reaction, the product ratio of 6-bromo-8-methoxide 4 and 8-bromo-6-methoxide 3 was 50:50, respectively. In the 120-h reaction, 6-bromo-8-methoxide 4 and 6,8-dimethoxide 5 were isolated in a ratio of 25:75, respectively (entry 3). The reactions were also repeated for 144 h and 192 h using the same reaction conditions. The ratios of the products are shown in Scheme 1 (entries 4 and 5). The reaction was also repeated under the same reaction conditions with CuI but not MeONa for 3 days. However, no conversion (aromatization) was observed. 
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Synthesis of 6,8-dimethoxyquinoline (6)
DDQ (504 mg, 1.76 mmol) in dry benzene (20 mL) was added to a solution of 6,8-dimethoxide 5 (165 mg, 0.84 mmol) in dry benzene (20 mL). The reaction mixture was stirred at 80
• C for 40 h under an Ar atmosphere.
Reaction progress was monitored by TLC. After the mixture had cooled, the dark green solid was filtered, and the solvent was removed under reduced pressure. The residue was purified by a short silica column (1:9, AcOEt/hexane). 6,8-Dimethoxyquinoline (6) was obtained in a yield of 78% (145 mg), as a yellowish oil: (6 
Synthesis of 8-bromo-6-methoxyquinoline (8) and 6-bromo-8-methoxyquinoline (9)
A solution of DDQ (504 mg, 1.76 mmol, 2.1 eq) in dry benzene (20 mL) was added to a mixture of 8-bromo-6-methoxide 3 and 6-bromo-8-methoxide 4 mixture (50:50, 200 mg, 0.83 mmol) in dry benzene (20 mL). The mixture was refluxed at 80
• C for 2 days under an Ar atmosphere. Reaction progress was monitored by TLC.
After completing the reaction, filtering off the a dark green solid and removing the solvent under reduced pressure, the reaction mixture (200 mg) was chromatographed (silica gel, 25 g) by eluting with AcOEt/hexane (600 mL, 1:9). 6-Bromo-8-methoxyquinoline 9 (78 mg, 44%) and 8-bromo-6-methoxyquinoline 8 (76 mg, 42%)
were isolated in their pure forms and their R f values were 0.65 and 0.40, respectively (AcOEt/hexane, 1:9). 
8-Bromo-6-methoxyquinoline (8).
Synthesis of 6,8-dimethoxyquinoline (6)
Freshly cut sodium (0.7 g, 30 mmol) was added to dry methanol (25 mL) under nitrogen gas atmosphere. When dissolution was complete, the warm solution was diluted with dry dimethylformamide by addition of vacuum dried cuprous iodide (0.49 g, 1.72 mmol). After dissolution, 6,8-dibromoquinoline (3) (0.5 g, 1.72 mmol) was added to dry DMF (15 mL). The reaction mixture was stirred magnetically under a nitrogen gas atmosphere at reflux (ca. 150
• C) for 20 h. The reaction's progress was monitored by TLC until the starting material was all consumed. After cooling to room temperature, H 2 O (50 mL) and chloroform (70 mL) were added to the reaction mixture. The organic layers were separated, washed with H 2 O (2 × 20 mL), and dried over sodium sulfate. The solvent was removed and the crude product was passed through a short column packed with silica gel (5 g). After filtration and purification, the resultant product was 6,8-dimethoxyquinoline (6) in a yield of 84% (0.28 g), as a pure yellowish oil substance.
Synthesis of 6,8-bis(trimethylsilyl)quinoline (11)
n -Butyl lithium (2.65 mL, 1.6 M, 4.26 mmol, 4.1 eq) was added to a vacuum-dried flask containing dibromide 7 (0.3 g, 1.04 mmol) in THF (20 mL) at -78 • C and stirred for 90 min. Next, chlorotrimethylsilane (Me 3 SiCl, 0.24 g, 2.2 mmol) was added to the mixture at -78 • C, and the mixture was stirred at -78 • C for 90 min and then at room temperature for 1 h. After quenching with water (30 mL), the aqueous layer was extracted with diethyl ether (3 × 25 mL). The combined organic layers were washed sequentially with water (3 × 25 mL) and dried over sodium sulfate. The solvent was removed by reduced pressure, and the crude product was purified using short silica gel column chromatography (hexane, R f = 0.5). Recrystallization from CH 2 Cl 2 /hexane (2:1, 6 mL) gave product 11 (240 mg, 76% 
Synthesis of 6,8-bis(methylthio)quinoline (12)
n -Butyl lithium (2.65 mL, 1.6 M, 4.26 mmol, 4.1 eq) was added to a vacuum-dried flask containing dibromide 7 (0.3 g, 1.04 mmol) in THF (20 mL) at -78 • C. After stirring for 90 min, 1,2-dimethyldisulfate ((CH 3 S) 2 , 1.96 mL, 2.08 mmol) was added to the mixture at -78 • C. The mixture was stirred at -78 • C for 90 min and then at room temperature for 1 h. After quenching the reaction with water (30 mL), the aqueous layer was extracted with diethyl ether (3 × 25 mL). The combined organic layers were washed sequentially with water (2 × 25 mL) and dried over sodium sulfate. The solvent was removed by reduced pressure, and the crude product was purified using short silica gel column chromatography (hexane, R f = 0.55). 
Synthesis of the cyanoquinolines
6,8-Dibromoquinoline (7) (582 mg, 2 mmol) was dissolved in freshly distilled DMF (50 mL) and mixed with cuprous cyanide (7.16 g, 8 mmol, 4 eq). The reaction mixture was stirred magnetically at reflux (ca. 150 • C) under Ar for 6 h. The hot resulting brown mixture was poured into a solution of hydrated ferric chloride (4 g) and concentrated hydrochloric acid (1 mL) in water (10 mL) (any remaining residues were conveniently transferred with hot dimethylformamide). The reaction mixture was maintained at 60-70
• C for 20 min to decompose the complex.
The separatory funnel was lit with light to observe the layers because the interface was obscured by dark colors. The aqueous layer was extracted with warm toluene (4 × 50 mL), and the extracts were combined with the organic layer, washed with dilute hydrochloric acid (1:1, 25 mL), water, and 10% aqueous sodium hydroxide. The remaining organic layer was filtrated to remove the dark insoluble matter and dried over Na 2 SO 4 . After evaporation of the solvent, NMR analysis of the residue (0.38 g) indicated the formation of 14, 15, and 16 in a ratio of 12:47:22, respectively, and the reaction conversion was 83%.
The reaction mixture (380 mg) was applied to a short silica gel (60 g) chromatography column eluting with AcOEt/hexane (600 mL, 1:9). 6-Bromo-8-cyanoquinoline 15 was collected as the first eluent (190 mL, 46 mg, 9%), and then the solvent polarity was increased to a ratio of 2:9 (AcOEt/hexane). 8-Bromo-6-cyanoquinoline 14 (240 mL, 200 mg, 43%) was next obtained, and then the polarity of the solvent was increased to the ratios of 3:9 and 4:9 (AcOEt/hexane). 6,8-Dicyanoquinoline 16 (240 mL, 70 mg, 20%) was isolated in pure form.
The reaction was repeated for 16 h using the same reaction conditions. After the reaction, a complex reaction mixture was obtained; polymerization likely occurred.
The reaction was repeated at 100
• C for 2 days under the same reaction conditions. However, the reaction did not run at the reaction temperature. , and 100 µ g/mL) were added to each well. The concentration of the DMSO was less than 0.5% in all assays. The antiproliferative activities of the compounds were tested by using a BrdU Cell Proliferation ELISA kit (Roche, Germany) according to the manufacturer's procedure. Briefly, the cells were incubated with the compounds overnight before applying the BrdU Cell Proliferation ELISA reagent. Then the cells were pulsed with a BrdU labeling reagent for 4 h, followed by fixation in a FixDenat solution for 30 min at room temperature. Thereafter, cells were incubated with a 1:100 dilution of anti-BrdU-POD for 90 min at rt. The amount of cell proliferation was assessed by determining the A450 nm of the culture media after the addition of the substrate solution using a microplate reader (Ryto, China). The results were reported as percentages based on the inhibition of cell proliferation, where the optical density measured for the vehicle-treated cells was considered to be 100% proliferated. The experiments were repeated at least twice. The percent inhibition of cell proliferation was calculated as follows: [1 -(A treatments /A vehicle control ) ] × 100.
8-Bromo-6-cyanoquinoline (14
Statistical analysis
The data are presented as the means ± SEM of the 6 measurements for each cell type. The differences between the treatment groups were tested using ANOVA and P values, where values of <0.05 were considered significant.
